ABSTRACT
Introduction EGFR mutation-positive lung cancer is a relevant oncogene-addicted malignancy, which occurs in 15% of Caucasian lung adenocarcinoma patients and 50% of Japanese patients. 1 The prognosis of advanced EGFR mutant lung cancer has markedly improved since the introduction of EGFR tyrosine kinase inhibitor (EGFR-TKI) into clinical settings, leading to its overall survival of 3 to 4 years. [2] [3] [4] However, almost all patients experience disease progression because of acquired resistance within a couple of years. The T790M mutation -the substitution of 790th threonine to methionine in the EGFR kinase protein -is a major resistance mechanism mediating the resistance to first-and second-generation EGFR-TKI -gefitinib, erlotinib and afatinib. [5] [6] [7] [8] The third-generation EGFR-TKI, osimertinib, which selectively inhibits the T790M mutation by covalent binding to the C797 residue, has been approved for patients with confirmed T790M mutation in several countries, such as the United States and Japan. [9] [10] [11] In contrast, osimertinib in first-line treatment has recently shown superiority in the progression-free survival of EGFR-activatingmutation-positive patients when compared to firstgeneration EGFR-TKI by approximately a 9 months advantage (18.9 months vs. 10.2 months, respectively), indicating that osimertinib administration should be moved to first-line treatment. 12 The mechanisms of acquired resistance to first-and second-generation EGFR-TKIs in first-line treatment have been shown to comprise a secondary mutation, such as T790M in EGFR, bypass pathway activation mediated by MNNG HOS Transforming gene (MET) amplification, hepatic growth factor (HGF) -mediated Met activation or BRAF mutation, and other mechanisms, such as SCLC transformation. 7, 8, [13] [14] [15] Similar mechanisms of acquired resistance to osimertinib in T790M-positive patients have been also published. [16] [17] [18] [19] [20] [21] [22] However, contrary to the dominancy of T790M in resistance to first-and secondgeneration EGFR-TKIs, resistance mechanisms against osimertinib have been shown to be more heterogeneous by Lin et al. 23 and Yang et al. 24 Ramalingam et al. 25 analyzed plasma samples from patients who progressed on first-line osimertinib treatment and showed various resistance mechanisms including C797S, amplification of MET, MEK1 mutation, and KRAS mutation et cetera, suggesting that resistance mechanism to osimertinib is diverse. Considering the results of clinical studies mentioned above, treatments should be strategized based on the diversity in resistance mechanisms. In addition to these presented resistance mechanisms, several preclinical studies have indicated other important mechanisms, which should be potential treatment targets, such as wildtype EGFR amplification, upregulation of protein inhibitor of activated STAT1 (STAT) or C-terminal Src kinase (cSrc), activation of Src family tyrosine kinases (SFK)/focal adhesion kinase (FAK) signaling, Yes-associated protein (YAP) and STAT signaling, Akt activation and overexpression of receptor tyrosine kinase related to Src. [26] [27] [28] [29] [30] [31] [32] [33] [34] According to the aforementioned results, the combination therapy of EGFR with the corresponding pathway would play an important role. Based on this background, in this study, we focused on the resistance by EGFR kinase domain mutations. We performed N-ethyl-N-nitrosourea (ENU) mutagenesis screening to investigate the differences in the resistance mechanism between first-and second-generation EGFR-TKIs, and osimertinib administered as first-line or second-line of EGFR-TKI treatment.
The major acquired resistance to first-line osimertinib was C797S and that to gefitinib was T790M. Our study indicated that to overcome C797S emerging in first-line osimertinib treatment, first-generation EGFR-TKI, rather than afatinib, is preferable. Furthermore, the combination of gefitinib and osimertinib might be a promising owing to the emergence of only few resistant clones in our study.
Materials and Methods

Reagent and Cell Culture
The Ba/F3 cells harboring EGFR mutations introduced following the procedure described below were cultured in low glucose Dulbecco's minimal essential medium (DMEM) with 10% fetal bovine serum (FBS). The drugs used in the experiments were purchased from the companies as follows: afatinib, ChemieTek (Indianapolis, Indiana); brigatinib, Shanghai Biochem (Shanghai Shi, China); dacomitinib, Active Biochemicals (Hong Kong, China); gefitinib, LC laboratories (Woburn, Massachusetts); and osimertinib, Selleck (Houston, TX).
Generating Lentivirus and Stable Expressing Ba/F3 Cells
The Ba/F3 cells expressing EGFR-activating-mutation alone (del19, L858R) and together with T790M, C797S and C797S/T790M were generated as described previously. 35 The T854A mutants were introduced into pENTR (ThermoFisher; Waltham, Massachusetts) with activating-mutation alone or with C797S/ activating-mutation by QuikChange site-directed mutagenesis using the following primers: T854A F-GCCCAAAATCTGCGATCTTGACATG and T854A R-CATGTCAAGATCGCAGATTTTGGGC.
The resulting pENTR-EGFR mutation constructs were sequenced and used as a template to construct the pLenti 6.3 lentiviral vector using LR clonase II. The lentivirus was prepared by transfecting the pLenti6.3 constructs along with helper plasmids (ViraPower, ThermoFisher) in 293FT cells. Virus production, collection, and infection were completed following the manufacturer's protocol. Ba/F3 cells were selected by culturing for 1 week with 7 mg/mL blasticidin in DMEM with interleukin-3 (IL-3)-supplemented 10% FBS and then for 1 week in DMEM without IL-3 with 7 mg/mL blasticidin, and finally in DMEM without IL-3 and blasticidin to obtain the EGFR signaling-addicted cells.
ENU Mutagenesis Screening
Clonal Ba/F3 cells with del19, L858R, C797S/del19, and C797S/L858R were obtained using the limiting dilution method, and EGFR-TKI-sensitive clones expressing each type of mutation were selected by TKI exposure for 1 week. Then, 3 Â 10 8 Ba/F3 cells were treated with 100 mg/mL of ENU for 24 hours, followed by washing with phosphate-buffered saline once to remove ENU, and cultured in DMEM 10%-supplemented FBS medium for 24 hours. Cells (5 Â 10 7 ) were seeded into 96-well plates with 1 Â 10 5 cell/well in each EGFR-TKI-containing medium containing gefitinib, 150, 300, 600 and 1200 nmol/L; osimertinib, 150, 300, 600 and 1200 nmol/L; gefitinib plus osimertinib, 150 þ 150, 300 þ 300 nmol/L for del19 or L858R; gefitinib, 150, 300, 600 and 1200 nmol/L; and afatinib, 75, 150, and 300 nmol/L for C797S/del19. For C797S/L858R-expressing Ba/F3 cells, 5 Â 10 4 cells/well were seeded into 96-well plates and treated with 300, 600, and 1200 nmol/L gefitinib and 150 and 300 nmol/L afatinib. The plates were observed twice or thrice a week until 4 weeks after initiating TKI exposure. Resistant cells detected as visible colonies were selected and evaluated for their sequence of the EGFR tyrosine kinase domain.
Cell Viability Assay
Three-day cell viability assays were performed by seeding 2000 cells per well of Ba/F3 cells into black transparent-bottom 96-well plates. The cells were treated with each TKI across a 10-dose range from 0.3 nmol/L to 10 mmol/L on the same day. After 72 hours of drug treatment, cell viability was determined using the Cell-Titer Glo assay (Promega, Madison, Wisconsin).
Western Blotting
The cells grown under the specified conditions were lysed and boiled for 5 minutes at 100 C followed by vortexing. Western blot analyses were conducted after separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transfer to polyvinylidene difluoride membranes. After blocking in 5% bovine serum albumin with Tris-buffered saline/Tween 20 (TBS-T) or 4% milk/TBS-T, membranes were incubated with phospho-EGFR antibody, total EGFR, phospho-Akt, total Akt, phospho-ERK, total ERK1/2, phospho-S6, total S6, or b-actin.
Results
Comparison of Resistance Mechanism Emerging From First-Line EGFR-TKI
Before ENU mutagenesis screening, we selected the clonal Ba/F3 cells harboring EGFR-del19 or L858R that were highly sensitive to EGFR-TKIs as assessed by screening ( Supplementary Figs. 1A and B) . From ENU mutagenesis, the major resistance mechanism emerging from gefitinib screening was found to be þT790M mutation, followed by þwild-type (no additional mutation in EGFR), in del19 and L858R, regardless of gefitinib concentrations (Figs. 1A and 1B). In contrast, þC797S mutation was a major resistance mechanism that emerged from osimertinib screening -in more than 50% of del19 and approximately 40% of L858R (Figs. 1C and 1D). The C797S mutation emerging from higher concentrations of osimertinib, 600 or 1200 nmol/L, was few in number, whereas the T790M mutation from gefitinib was equally observed across the concentration. The cell viability assay using Ba/F3 cells expressing activating-mutation with C797S showed high resistance to osimertinib, high sensitivity to first-generation EGFR-TKI treatment, and intermediate sensitivity to second-generation EGFR-TKIs (afatinib and dacomitinib) treatment. Concentration that inhibits 50% (IC 50 ) values of osimertinib, gefitinib, and afatinib to Ba/F3 expressing C797S/del19 were 348.9 nmol/L, 2.9 nmol/L, and 2.3 nmol/L, respectively (Supplementary Figs. 1C and 1D ). The same assay using Ba/F3 cells expressing activating-mutation with T790M showed clear sensitivity to osimertinib, obvious resistance to first-generation treatment, and intermediate sensitivity to second-generation treatment. IC 50 values of osimertinib, gefitinib, and afatinib to Ba/F3 expressing T790M/del19 were 4.3 nmol/L, 4238 nmol/L, and 73.9 nmol/L, respectively (Supplementary Figs. 2A and 2B) .
These results indicated that because the activatingmutation with T790M is a relevant cause for resistance against first-and second-generation EGFR-TKI, the activating-mutation with C797S should become resistant to third-generation EGFR-TKI and be overcome by firstgeneration treatment. Some case reports have revealed that patients refractory to osimertinib by T790M loss with exchange to C797S emergence achieve clinical benefits by gefitinib administration.
The combination of gefitinib and osimertinib introduced no additional mutation showing resistance in our ENU mutagenesis (Fig. 1E) . The number of resistant clones was much less in the combination treatment than in a singleagent screening, suggesting that this combination could be a promising first-line treatment option in the future.
T854A Mutation Mediates Afatinib Resistance From C797S/Activating-Mutation
We performed another ENU mutagenesis screening using Ba/F3 cells expressing activating-mutation with C797S mutation based on the result that C797S emerges after first-line osimertinib treatment. The additional T790M (located in cis) mutation was a major mechanism in activating-mutation with C797S to gefitinib ( Figs. 2A and 2B ). The T854A mutation (located in cis), which has already been reported as a minor resistant mutation to gefitinib or erlotinib, was found in 10% of afatinib screenings, whereas 40% to 60% of refractory clones have þT790M, resulting in multi-TKIresistant triple mutants, which can be overcome by brigatinib and anti-EGFR antibody as described previously (Figs. 2C, 2D , and 3A) ( Supplementary Figs. 2C, 2D , and 3A). 35, 36 The obtained clones with T854A/C797S/ activating-mutation showed intermediate resistance to 
EGFR-C797S/del19 (C) and EGFR-C797S/L858R (D). (E-G) Afatinib resistance obtained from ENU mutagenesis of C797S/activating-mutation-expressing Ba/F3 cells, EGFR-C797S/del19þT854A (E), EGFR-C797S/
L858RþT854A (F), and EGFR-C797S/L858RþL792H (G) were treated with indicated drugs for 72 hours and assessed using the CellTiter-Glo assay (Promega, Madison, Wisconsin).
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brigatinib, respectively) (Figs. 2E, 2F, and 3A) . Western blotting confirmed that brigatinib inhibited EGFR phosphorylation and downstream signal pathway. Although afatinib inhibited T854A/C797S/activating-mutation at a similar concentrations to brigatinib, the reported plasma concentration of afatinib is approximately 50 nmol/L to 60 nmol/L, suggesting that 100 nmol/L of afatinib cannot be usually achieved in a clinical setting, whereas the maximum concentration of brigatinib in the human body was reported as 2485.9 nmol/L ( Supplementary Figs. 3B and 3C ).
Only one clone, L792H mutation (located in cis) was also obtained from afatinib selection of C797S/L858R screening (Fig. 2D) . This mutation has not been reported as being associated with afatinib resistance; however, it has been reported as an osimertinib resistance by Chen et al. 19 or as an L792F mutation by Kobayashi et al. 37 The cell viability assay and Western blotting showed that this novel mutation, L792H/C797S/L858R, mediates resistance not only to afatinib and osimertinib but also to brigatinib. This is contrary to T854A/C797S mutation. Gefitinib presented moderate efficacy A B Fig. 3D ).
To further confirm the resistance of T854A, we generated Ba/F3 cells expressing T854A/activatingmutation and T854A/C797S/activating-mutation. The T854A/activating-mutation showed a maintained sensitivity to afatinib and osimertinib, moderate resistance to gefitinib with IC 50 of 50 nmol/L to 60 nmol/L, and intermediate sensitivity to brigatinib in cell viability assays (Fig. 3B) (Supplementary Figs. 4A and 4B ). The inhibition of EGFR phosphorylation and downstream pathway with indicated TKIs assessed by Western blotting corresponded with cell viability assay results ( Supplementary  Figs. 4C and 4D) . In a clinical setting, T854A/activatingmutation might not be a major problematic issue due to the susceptibility to afatinib or osimertinib. The T854A/ C797S/activating-mutation was highly refractory to osimertinib and moderately resistant to gefitinib, afatinib, and brigatinib with an IC 50 value of approximately 50 nmol/L as assessed by cell viability assay. The T854A/ C797S/activating-mutation of L858R was less sensitive than that of del19 (Figs. 3B, 4A , and 4B). The inhibition of EGFR phosphorylation and downstream signaling evaluated by Western blotting of T854A/C797S/ activating-mutation expressing Ba/F3 cells treated with indicated drugs corresponded to cell viability assay results indicating that brigatinib is a more potent inhibitor against T854A/C797S/activating-mutation than clinically available EGFR-TKIs (Figs. 4C and 4D) .
On the basis of our findings, we propose the predicted treatment flow after the approval of first-line osimertinib as in Figure 4E . Currently, the initial treatment choice for patients with EGFR activating-mutation is first-and second-generation EGFR-TKIs -gefitinib, erlotinib, or afatinib -which inevitably lose efficacy mainly because of the emergence of T790M mutation within approximately 1 year. After the approval of first-line osimertinib, osimertinib would be the first choice as an initial treatment and C797S might be a major acquired resistance mechanism mediated by secondary mutation to osimertinib based on our ENU mutagenesis screening results and a previous report by Ercan et al. 38 The C797S/ activating-mutation observed in osimertinib administration can be overcome by first-and second-generation EGFR-TKI. Our mutagenesis screening indicated that the application of afatinib to the C797S/activating-mutation induced three types of resistant mutations including the T854A/C797S mutation, the L792H/C797S mutation, in addition to the major C797S/T790M mutation. In contrast, only C797S/T790M emerged as a resistant clone from gefitinib screening. C797S/T790M has been known clinically as an osimertinib resistance mechanism emerging from the T790M/activating-mutation and has been observed in our ENU mutagenesis screening ( Supplementary Fig. 5 ). The emergence of diverse resistant mechanisms possibly result in difficult or complex treatment strategies, suggesting that first-generation EGFR-TKI therapy would be more preferablein secondline to C797S/activating-mutation than second-generation would be. The C797S mutation interrupts the covalent binding of afatinib to EGFR, as observed in osimertinib, leading to the IC 50 value for C797S/activatingmutation getting close to the achievable plasma concentration of afatinib (48 nmol/L to 62 nmol/L), which is different from gefitinib, whose IC 50 value was almost constant regardless of presence of C797S; this may contribute to the diversity seen in afatinib selection.
Discussion
We performed ENU mutagenesis screening to evaluate gefitinib, afatinib, or osimertinib for activatingmutation alone and gefitinib or afatinib for C797S/ activating-mutation to predict the preferable treatment strategy after osimertinib is approved to be a first-line treatment option. C797S/activating-mutation as resistance to osimertinib, C797S/T790M/activating-mutation as common resistance to gefitinib, and afatinib and T854A/C797S/activating-mutation as resistance to the lower concentration of afatinib were observed in mutagenesis screening with EGFR-activating-mutation alone and C797S/activating-mutation-harboring cells. L792H/ C797S/L858R was also obtained from afatinib selection of C797S/L858R, although only one clone emerged. Reportedly, compound mutation defined as double or triple mutation in the EGFR kinase domain is related to EGFR-TKI resistance and poor clinical outcome. 39, 40 In our study, we observed that mutation accumulation emerged during EGFR-TKI treatment regardless of the sequence and finally resulted in compound, triple mutation mediating highly multiple EGFR-TKI resistance. Components of a triple mutant might be dependent on the original mutation and drug types and concentration as shown by Kobayashi et al. 37 with similar method. In the current study, T854/C797S-triple mutant was observed from lower concentrations of afatinib in both C797S/del19 and C797S/L858R screening, and L792H/ C797S-triple was only observed from the lower concentration of afatinib in C97S/L858R, whereas C797S/ T790M-triple was observed irrespective of the original mutant, drug types, and concentrations. The combination of brigatinib with anti-EGFR antibody, as we previously reported, is important because of its efficacy against C797S/T790M-triple mutants.
Gefitinib plus osimertinib resulted in a fewer number of resistant clones, suggesting a promising, new first-line treatment for EGFR-mutant lung cancer in future. The improved efficacy of the combination might be because of its two independent mechanisms; one is a collaborative action in which gefitinib inhibits the emergence of T790M and osimertinib inhibits that of C797S, another is the inhibition of EGFR wild-type. Nukaga et al. 26 indicated that amplification of EGFR wild-type alleles but not mutant alleles was sufficient to confer acquired resistance; the combination of third-generation EGFR-TKI with afatinib or cetuximab restored the sensitivity, suggesting that concurrent use of gefitinib worked similarly. There are several limitations to our study. First, the resistant mutation found in our study might not to be representative of clinical findings because ENU mutagenesis can artificially introduce base substitutions (T>A, C>T, T>C, T>G, C>A, C>G) with a different frequency to each other and with variable patterns between each experiment. 41 And this mutagenesis screening is specifically designed to detect the mutations in EGFR kinase domain. Ba/F3 cells used in this study are not suitable to evaluate a bypass pathway, such as MET, because they are originally mouse pro-B cells. Moreover, mutation introduced by ENU spreads widely across the genes, making it difficult to elucidate the importance of every mutation. According to the reports suggesting the heterogeneous resistance mechanism to osimertinib, it might be difficult to simulate all mechanisms by single method. Therefore, we focused on EGFR kinase domain mutation in this study. In fact, our ENU screening result is expected to be reasonable in view of kinase domain mutation indicating that the major clone of resistance in the ENU screening of gefitinib or afatinib in activating-mutation was T790M and that of evaluating osimertinib in T790M/del19 was C797S/T790M, which seems to reliably represent the clinical phenomenon. Second, C797S mutation would not always constitute a major resistance mechanism to osimertinib, unlike T790M which is a dominant resistance mechanism in first-line gefitinib, erlotinib, or afatinib treatment. In fact, osimertinib resistance mechanisms have been recently reported as more diverse than expected. [23] [24] [25] 42 This data might indicate a disadvantage to the importance of our result, but patients in whom disease progressed by C797S mutation exist, and we expect that the detection of C797S using new modalities, such as liquid biopsy, will be more important so as not to miss precisely administering first-generation EGFR-TKI against C797S. Third, the superiority of first-line osimertinib to standard EGFR-TKI has not been confirmed from a viewpoint of EGFR-TKI sequential treatments to achieve the longer duration of clinical response by TKIs, which might contribute to better survival. As Park et al. has reported at the 2017 World Conference on Lung Cancer, the median treatment duration of osimertinib is long (31.5 months) among patients receiving sequential first-line afatinib-second-line osimertinib treatment. 43 Although we should continue investigating the best sequential EGFR-TKI treatment to find the best therapy for EGFR mutant lung cancer, first-line osimertinib may be a promising choice at this time based on the FLAURA trial results.
In conclusion, we elucidated the resistant mechanism of EGFR-TKI, focusing on not only the present standard treatment but also the coming paradigm change of firstline osimertinib using ENU mutagenesis screening. The additional T854A and L792H on C797S/activatingmutation were newly found as an afatinib-resistance mechanism, indicating that re-biopsy will remain important for the treatment of patients with EGFR mutation. A number of resistant mutations (T790M, T854A, and L792H) found in afatinib resistance may require development of individual treatment for each mutation pattern, implying that first-generation EGFR-TKI is preferable for second-line treatment for the C797S/ activating-mutation that emerged from first-line osimertinib because fewer mutation patterns found in first generation (only T790M in our screening) were expected to be targetable by brigatinib with anti-EGFR antibody. Considering that front-line treatment for EGFR activating-mutation has been changing, we must continue to explore better strategy in addition to firstline osimertinib. Combination of gefitinib and osimertinib might be a first choice because less resistance was found in our screening, suggesting that a longer duration of efficacy would be achieved compared to single-agent use based on the mutual inhibition of each major secondary mutation (T790M and C797S).
